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Abstract

This paperdescribesa systemfor planningand
schedulingscienceobservationsfor fleetsof Earth
observingsatellites. Input requestsfor imaging
time on an Earthobservingsatellitearespecified
in termsof thetypeof datadesired,thelocationto
be observed,andan objective priority of satisfy-
ing therequest.Theproblemis to find asequence
of starttimesfor observationsandsupportingac-
tivities suchas instrumentslewing and enforce-
mentof instrumentthermalduty cycles,that sat-
isfy a setof temporalandresourceconstraintsde-
scribingthe physicaloperationof the spacecraft.
We assumethat therearemorerequeststhat can
possiblybeservicedoveragivenschedulingwin-
dow, andthat imagesmay vary in their scientific
utility, leadingto an optmizationproblem. This
paperpresentsanapproachto solve this problem
employing 1) a formal declarative model of the
problem,2) stochasticsamplingmethodsto find
plans,and3) specialpurposeheuristicsbasedon
a generalizedcontentionmeasure.

Keywords: Planning,scheduling,stochasticsearch,con-
straintsatisfaction,Earthobservingsatellites.

1 Intr oduction
NASA’s growing fleetof EarthObservingSatellites(EOSs)
employ advancedsensingtechnologyto assistscientistsin
the fields of meteorology, oceanography, biology, geology,
andatmosphericscienceto betterunderstandthe complex
interactionsamongEarth’s lands,oceans,andatmosphere.
Currently, scienceactivitiesondifferentsatellites,or ondif-
ferentinstrumentson thesamesatellitearescheduledinde-
pendentlyof oneanother, requiringthemanualcoordination
of observationsby communicatingteamsof missionplan-
ners.

As thenumberof EOSsanddemandfor observationtime
on them increase,it will no longer be viable to manually
plancoordinatedscienceactivities. A morerealisticvision
for scienceobservation managementis to allow customers�
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of thedata(thescientiststhemselves)to requestdataprod-
ucts from a centralizedEOS scienceobservation manage-
mentsysteminsteadof directly from an individual satellite
or mission.Automatedtechniqueswill assistin theprocess
of determiningthe resourcesthatareinvolvedin collecting
data,storing the datatemporarilyon boardsatellites,and
transmittingthe databackto Earth. This will enablemore
efficient managementof thefleetof satellitesaswell asthe
communicationresourcesthatsupportthem.

Previously reportedwork on EOS schedulingproblems
includesboththeoreticalinvestigationsusingabstractmod-
els,aswell asoperationalschedulersfor ongoingEOSmis-
sions. Very few approachesconsidermultiple satellitesor
thecoordinationof observations.Thetheoreticalstudieson
managinga singlesatelliteusuallyinvolve simplifiedmod-
elsof thesatellite.For example,Lemâitreetal. [2], Pembert
on [4] andWolfe andSorensen[7] do not discusson-board
datastorageor communicationssystemmanagement.

Thereareseveral operationalsystemsfor ongoingEOS
missions. The ASTER schedulerdescribedin [3] and the
Landsat7 scheduler[5] aretwo examples.Theseschedulers
have quitedetailedmodelsof thesatellitesandthecommu-
nicationsenvironment.However, they do suffer from some
limitations,which arediscussedin [1].

Many of thesearchalgorithmsdescribedin theliterature
are incompletealgorithms. The primary reasonfor focus-
ing on suchalgorithmsis that, even for small numbersof
satellites,the problemsarelarge enoughthat solving them
optimally is impractical. The usualapproachis to greedily
selectthe next highestpriority requestto try andschedule,
andreject it if thereis nowherefor it to go. The ASTER
scheduler[3] works exactly this way, asdoesan approach
describedby Wolfe andSorensen[7].

In Frank et. al. [1], an automatedapproachfor sci-
enceobservation managementfor multiple satellitesbased
on constraint-basedinterval planningwas proposed. The
current papersummarizesresultsobtainedusing this ap-
proach,anddiscussesextensionsandrefinementsthathave
emergedfrom the resultsof experimentsundertaken using
the approach. Specifically, the remainderof this paperis
structuredasfollows:� Thesatelliteinstrumentandresourcemodelusedby the

systemfor scienceobservationplanningis describedin
section2;



� A two-phasedsearchtechniquefor generatinghigh
quality observation schedulesbasedon the objective
of maximizing the numberof high-priority requests
scheduled,which combinesstochasticgreedyschedul-
ing with constraint-basedplanningis discussedin sec-
tion 3; and� The heuristic used in the greedy schedulingphase,
which selectsboth the observations,andthe timesfor
thembasedon thecontentionfor time andothersatel-
lite resourcesis summarizedsection4.

2 Modeling The EOS ScienceObservation
SchedulingProblem

An EOSobservation schedulingproblemconsistsof a set
of satellites,eachin a particularorbit aroundtheearth,and
eachwith heterogeneouscapabilitiesinvolving asuiteof in-
strumentsandresourcesfor downlinking data.Somesatel-
lites will have pointableinstruments,providing increased
flexibility in the locationsthey canobserve at any point in
an orbit. Theproblemalsocontainsa setof requests,each
consistingof thelocationto beobserved,thetypeof datade-
sired,andapriority, correspondingto thescientificutility of
thedata.Solving theEOSobservationschedulingproblem
consistsof generatinga sequenceof observationsto be ac-
quiredby eachavailableimaginginstrumentoneachof aset
of satellites,alongwith supportingactivities suchasinstru-
ment slews, instrumentshut-down to handlethermalduty
cycles,andtransmissionsof databackto Earthto emptythe
SSR.

TheConstraintBasedInterval Planning(CBI) framework
[6], asimplementedin the EUROPA planningsystem,was
employedto solvetheEOSobservationschedulingproblem.
A generaldescriptionof themodelingparadigmappearsin
[1]. A CBI modelfor theEOSdomaincontainsadeclarative
descriptionof satellitesensinginstrumentsandresourcesfor
storingandtransmittingdata,aswell asits orbital track.The
modelalsodescribesthe constraintseachobservation plan
sequencemustsatisfy. Theseincluderequirementson the
instrumentsusedto collect the data,including thoseasso-
ciatedwith the duty cycle for the instrument. The model
alsocharacterizesdurationandorderingconstraintsassoci-
atedwith the datacollecting, recording,and downlinking
tasks.In addition,SSRcapacity, andconstraintsoncommu-
nicationsequipmentsuchassatelliteantennaeandground
stationsmustbesatisfied.Theremayalsobeset-upstepsas-
sociatedwith particularoperations,like establishinga data
link prior to downlink, or aiminganinstrumentprior to data
acquisition. Thesestepsgeneratefurther temporalandor-
deringconstraints.

Figure1 visuallydepictshow all of theseaspectsarecom-
binedin a simplemodel. This modelshows the interaction
of aninstrumentandanSSR.Theinstrumenttransitionsbe-
tweenPointing, Idle, Calibrating andTake-
Image. The SSR transitions betweenRecording,
Playback andIdle. Thetimerequiredfor Pointing,
Calibrating, Recording andPlayback activities
areconstrainedby theparametersof thoseactivities. In ad-
dition, Take-Image andRecording activities mustbe

simultaneous,and whenever a Playback occurson the
SSRtheinstrumentmustbeIdle.
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Figure1: A simplifiedmodelshowing theinteractionof in-
strumentandSSRattributes.Ovalsrepresentthestatesper-
mitted for eachattribute. Solid lines indicatepossiblestate
transitionswithin anattribute,dashedlines indicatetempo-
ral constraintsrequiredbetweenattributes,andboxesindi-
cateconstraintson theparametersof certainstate.

In the EUROPA planning approach,the world is de-
scribedin termsof a set of timelines, or statevariables.
The valuesfor a statevariableare the possibleactionsor
statesof that variable. Thus,the actionvaluesfor an SSR
timeline representthe actionsof recording,playing back
data,or idle. Themodelalsorepresentsset-upeventssuch
as warming up an instrument,or slewing for antennaeor
pointablesensinginstruments.Figure2 illustratesa small
EUROPA planinvolving two satellites,anda TDRSScom-
municationsatellitefor downlinking data. The figure indi-
catesthateveryTake-Image activity is synchronouswith
aRecord( � ) activity on theassociatedSSR,where � is
a parameterstandingfor the amountof dataaddedto stor-
age.Similarly, everyPlayback( � ) activity for asatellite
is synchronouswith aContact activity whenTDRSSis in
contactwith that satellite. Activities suchasAiming the
antennaarealsoshown.

In thecourseof thework reportedhere,a numberof dif-
ferentEOSschedulingmodelsweredeveloped,thatdiffered
in thenumberandtypesof satellitestatevariables,andtheir
associatedvalues,that wereintroduced.The mostdetailed
modelcontained,for eachsatellite,statevariablesfor multi-
ple slewableimagingdevices,SSRutilization,antenna,and
groundstationavailability. Thedetailedmodelhadthead-
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Figure 2: A completeEUROPA plan with two EOSsand
oneTDRSS.Eachsatellitehas3 attributes: the instrument,
SSR,andcommunicationantenna.TheTDRSShastwo at-
tributes:thecontactandtransmitter.

vantageof producingthe most detailedplans,but slowed
down theplanningprocessto theextent thatonly relatively
smallproblemsizes(lessthan50 requests)couldbesolved
effectively. A simplermodelwasproposedwhichcontained
statevariablesfor only the imaging devices. This model
leveragesthe assumptionthat the periodswhen the satel-
lite can communicatewith Earth are known beforehand,
and that the satelliteis guaranteedto usethoseperiodsto
emptytheSSR.In this model,SSRutilization andduty cy-
cle chcekswere managedvia special-purposecodein the
planner. Thisallows for thegenerationof solutionsto prob-
lemswith up to 150requestsovera10,000secondplanning
horizonin time on the orderof minutes. Futurework will
documenttheperformanceof theplannerin greaterdepth.

3 EOS Observation Planning
Thesizeof a typical EOSobservationschedulingproblem,
expressedin termsof thepotentialnumberof activities that
needto be scheduledin order to solve it, renderssolution
techniquesbasedon completesearchinapplicable. Even
singlesatelliteinstancesof the problemsuchasthe single
dayLandsat7 schedulingproblemtendto becomprisedof
of hundredsof candidateimagingactivities,aswell asasso-
ciatedactivitiesfor storinganddownlinking thedata.Onthe
otherhand,standardgreedyheuristicapproachesthatdonot
perform completesearchoften suffer from mypoiadue to
theforcedadherenceto theadviceprovidedby theheuristic

evaluator. This myopiaoften resultsin the inability to find
highquality schedules.

As amiddleground,wehavechosenaplanningalgorithm
that combinesheuristics,stochasticsearchand constraint
propagation.A sketchof the EOSplanningalgorithmap-
pearsin Figure3. Duringthestochasticsearchphase,theal-
gorithmrepeatedlyselectsanobservationthatstill hastime
windows available,thenselectsa time to schedulethe ob-
servation. This assignmentis addedto the plan, andcon-
sequencesof the newly scheduledobservationarechecked
for consistency with the existing schedule.The inferences
performedduringthis stepincludethefollowing:� A checkto ensurethat the sensinginstrumentcanbe

slewed in time to capturethe observation just sched-
uled, and the observation immediately following it.
The reasonis that the new observation may requirea
long instrumentslew after the observationpreceeding
it, or may requirea long slew to the observation fol-
lowing it; if thereis insufficient time for either slew,
theobservationcan’t bescheduledat thecurrenttime.� A check to ensurethat instrumentduty cycle con-
straintsarenot violatedby theaddedobservation. The
duty cycle limits the amountof time the instrument
may be continuouslyoperating;if this durationis ex-
ceededby insertingan observation at this time, then
theobservationcan’t bescheduledat thecurrenttime.� A checkto ensurethat the spacecraftSSRhascapac-
ity remainingin theinterval betweendownlinks. Since
the times of downlink are known, and the spacecraft
is assumedto emptytheSSRat thesetimes,theexact
storagecanbe computed;if insertingthe observation
at thecurrenttime would exceedthecapacity, thenthe
observationcan’t bescheduledat thecurrenttime.� Supportactivities thatmustbeassignedastheresultof
theaddedobservationareinsertedinto theplan,andthe
effectsof theseadditionsarepropagated.

Theresultinginferencesmayleadto thedetectionof an in-
consistency, meaningthat the schedulingof this particular
observationin this time slot is not possibleandmustbeun-
done. If other times areavailable for the observation, the
processis repeatedfor thesecandidateslots;if thereareno
slotsleft, theobservationis rejectedfrom theplan.

When it is not possibleto scheduleany more observa-
tions, the planningprocessentersits secondphase. The
schedulegeneratedduring the first phaseis further refined
to ensurethatall observationshaving subgoals(setupsteps
or other preconditions)have been completely expanded.
If this processis successful,the resultingscheduleis re-
turned. Theprocessof choosingtimeslotsfor observations
andcompletingtheresultingschedulecanberepeatedmany
times,therebyrandomlysamplingfrom thespaceof possi-
bleschedules.

What distinguishesthe HBSS algorithm from ordinary
greedysearchis the way in which observationsand time
slotsareselected.TheHBSSalgorithmemploysa heuristic
to rankthepossiblealternatives.HBSSthenchoosesproba-
bilistically from amongthealternatives,weightedaccording
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Figure3: A sketchof theHBSSalgorithmmodifiedfor the
EOSSchedulingproblem.

to their rankingor score.Thus,possibilitiesrankedhighly
by the heuristichave higherprobability of being selected,
but otherlower rankedpossibilitiesaresometimesselected.
This meansthat several alternativeswith roughly the same
scorewill have roughly equalprobability of beingchosen.
Becauseof the stochasticcharacterof the selectionsteps,
alternativeschedulesarelikely to beexploredwith eachsuc-
cessive restartof thealgorithm.

4 Contention Heuristics
The successof greedy search method for observation
schedulingdependson the heuristicusedfor selectingthe
observationto schedulenext, andselectingthetime slot for
the observation. The heuristicevaluationfunction chosen
for the EOSschedulingproblemis a weightedsumof two
measuresof contention: contentionfor time slotsandcon-
tentionfor theSSR.In thissection,weformally definethese
two measures.

Let ���
	���
������������
	������ is thesetof observationsthatcould
occurat time � , and ��� �!�"
���# � �����$�%	&�(')� is thesetof discrete
opportunitiesfor observation ' (notingthateachdiscreteop-
portunityis exactly longenoughto accommodatetheobser-
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We take the minimum here becauseif there is a low-
contention opportunity to schedulean observation, this

shouldnot beovershadowedby otherhighercontentionop-
portunity. In otherwords,addinganotheropportunityfor an
observation shouldnever increasethe contentionmeasure
for thatobservation.

Measuringcontentionfor a global resourcelike SSRca-
pacity involvesgeneralizingthe above contentionmeasure
to considertheamountof theresourceneededby anobser-
vation, the resourcecapacity, and the interval of time un-
derconsideration.Let YZ�&[;# ��
��%	%�('8\�]�� be theamountof re-
source] requiredby observation ' , and let 9^�"�
�"_��1�32A��]�\�`3�
bethecapacityof a resource] over a time interval ` . Thus,
an SSRwith a capacityof a)b hasa 9^�"�
�"_��1�32A��]�\�`3�c.da"b .
If a playbackof e)b units occurswithin the interval ` , then9^�)�
��_����324�(]�\�`3��.gf)b . We thengeneralizetheabove defini-
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Again, note that thesemeasureschangeas activities are
scheduled.In particular, as activities that empty the SSR
arescheduled,9^�)�i�"_����32A��]�\�`E� mayincrease,andasobserva-
tionsarescheduled,9^�"�
�"_��1�32A��]�\�`3� maydecrease.

Intuitively, thesecontentionmeasuresprovidea moreac-
curateassessmentof how hardit is to actuallyschedulean
observation. Using thesemeasures,our variableordering
heuristicis:

Schedulethe observationof highestpriority and
highestoverall contention

whereoverall contentionis a weightedsum of contention
measuresfor timeslotsandSSRcapacity. Wespeculatethat
employing thiscompositeheuristicwill obtainbettersched-
ulesthanan approachthat useseithercomponentheuristic
taken alone. On the one hand,measuringtime slot con-
tentionwill resultin fewerobservationsbeingrejectedfrom
a schedule,but may produceassignmentsthat violate SSR
capacityrestrictions;on theotherhand,theSSRcontention
heuristicwill monitor SSRload, but in doing so might ig-
noretime slotswith lower contention,thuspossiblyreject-
ing observationsthatcouldhavebeenscheduled.

Givenanobservationto schedule,we wouldpreferto put
it in the placewhereit will competewith the fewestother
observations.We canusetheabovecontentionmeasuresto
defineavalueorderingheuristic:

Schedulean observationin the opportunitywith
theleastcontention

5 Conclusionsand Future Work
The besttradeoff betweenthe timeslot contentionand the
SSRcontentionis unknown. We have beenexperimenting
with differ weightassignmentsto eachcomponentmeasure



in orderto evaluatetherelative importanceof eachin gener-
atinghighqualityschedules.Theseresultswill bepublished
in futurework.

Thissystemdescribedherehasbeenproposedaspartof a
distributedarchitecturefor scienceobservationmanagement
that potentially includesan on-boardcomponent.The on-
boardsystemcouldbeeffectivein providingamoreaccurate
assessmentof the utility of a scheduledobservation,based
oninputsfrom assetslikeon-boardsensors,communication
from other satellites,or real-timeweatherinformation. It
couldalsoallow for morereactivity to degradedcapability
of resources,whetherconsistingof loss of groundstation
availability, an observinginstrument,or SSRdeterioration.
Theseinputswould beusedfor insertingnew observations
into theschedule,or discardinglow priority storeddatafrom
previousobservations.Futurework will reportresultsgath-
eredfrom this aspectof theresearch.
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